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Effect of leukocyte depletion on the function of the postobstructed
kidney In the rat. We have observed an influx of leukocytes, predomi-
nantly macrophages, into the cortex and medulla of the kidney follow-
ing ureteral obstruction. To examine the potential contribution of these
infiltrating cells to the decrease in GFR and RPF that occurs following
ureteral obstruction, 16 male Lewis rats (wt 246.4 4.0 g) were studied
in the awake state three hours after unilateral release of 24 hours of
bilateral ureteral obstruction (BUO). Eight rats were not irradiated, and
eight rats received 1315 rads one day prior to the obstruction. The
leukocyte infiltrate following 24 hours of ureteral obstruction was
quantified with and without prior irradiation in an additional eight rats.
Irradiation reduced cortical infiltration (27.05 3.07 X lQ vs. 1.2
0.83 x io cells/g tissue) and medullary infiltration (13.6 1.79 X iO
vs. 0.86 0.45 x 10 cells/g tissue) of leukocytes following BUO (P <
0.001 for both) and increased postobstruction GFR (1.58 0.12vs. 2.97
0.15 mI/mm/kg body wt, P < 0.001). Eleven rats, six of which
received irradiation, underwent sham laparotomy without BUO in
order to assess the effect of irradiation alone on renal function.
Irradiation had no effect on the renal function of non-obstructed rats.
Urinary excretion of thromboxane B2 increased following BUO and this
rise was significantly blunted by irradiation prior to BUO (9.53 2.14
vs. 32.46 4.95 vs. 19.03 1.94 pg/mm). Fractional excretion of
sodium and water was reduced by irradiation. Thus, abolition of
infiltrating cells is associated with an improvement in postobstructive
renal function and suggests that infiltrating cells may modulate the
changes in renal function following obstruction, possibly via the pro-
duction of vasoactive prostanoids and other as yet undefined products.
Acutely following ureteral obstruction there is an influx of
leukocytes, predominantly macrophages, into the cortex and
medulla of the kidney which peaks at about 12 to 24 hours after
the onset of obstruction [1]. Chronic obstruction is known to be
associated with increased interstitial cellularity and enhanced
production of arachidonate metabolites by the obstructed kid-
ney [2—4]. The activity of thromboxane synthetase is increased
in the obstructed kidney [5, 6], and obstructed kidneys show an
increase in cyclooxygenase activity [71. In the rabbit pretreat-
ment with nitrogen mustard, to induce leukopenia, blocks
peptide-stimulated arachidonate metabolism and selectively
prevents the increase in thromboxane synthetase activity in the
chronically obstructed kidney [8]. Thus, the infiltration of
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leukocytes may be a critical determinant of the changes in
arachidonate metabolism seen after obstruction. Indeed macro-
phages have been shown to produce a variety of arachidonic
acid metabolites in vitro [9, 101.
The kinetics of the macrophage influx into the obstructed
kidney closely parallel the altered arachidonate metabolism and
the accompanying decline in glomerular filtration rate (GFR)
[I]. After 24 hours of ureteral obstruction GFR is decreased to
30 to 40% of control values and renal plasma flow (RPF) is
decreased to 40 to 50%. Furthermore these changes persist for
several hours following the release of the obstruction [11]. The
vasoconstrictors thromboxane A2 and angiotensin II have been
implicated in the pathogenesis of this state since specific
inhibitors of thromboxane synthesis and angiotensin converting
enzyme have been shown to improve renal hemodynamics in
the postobstructed kidney [12, 13]. In addition, following re-
lease of bilateral ureteral obstruction there is a pronounced
natriuresis and diuresis [14, 15].
It is, therefore, possible that infiltration of the renal paren-
chyma by leukocytes may directly mediate some of the changes
in kidney function which occur with ureteral obstruction, via
the production of vasoactive arachidonate metabolites or other
as yet undefined products. The present studies were designed to
examine the role of leukocyte infiltration on renal function in
the postobstructive period. The effect of inhibiting the number
of leukocytes invading the kidney during obstruction on GFR,
RPF and thromboxane B2 excretion in the urine were exam-
med.
Methods
Adult male Lewis rats (Harlan Sprague-Dawley, Indianapo-
lis, Indiana, USA) weighing between 217 and 282 g (mean wt
243.4 3.6 g) were fed a standard rat chow (Teklad, Madison,
Wisconsin, USA) containing 25% protein. In 24 rats bilateral
ureteral obstruction (BUO) was produced by ligating both
ureters at the junction of the lower 1/3 and upper 2/3 through a
midline incision, under ether anesthesia. The rats were returned
to their cages without food or water and were studied 24 hours
later. Twenty-four hours prior to induction of BUO (48 h prior
to clearance studies or leukocyte counts in the kidney) the
experimental group of rats (N 12) received whole body
irradiation of 1315 rads over 10 minutes (Gamma cell 40,
Atomic Energy of Canada Ltd.). We have previously shown
that this dose of irradiation, within the time course studied,
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effectively depletes the kidney of resident interstitial leukocytes
and inhibits the influx of macrophages in experimental nephro-
toxic serum glomerulonephritis [16, 17]. Eight rats in each
group had clearance studies and four rats in each group had
their kidneys analyzed for leukocyte content. The kidneys of
three normal rats were also harvested for leukocyte analysis.
In order to assess the effect of irradiation on the renal
function of normal rats an additional 11 rats underwent a sham
laparotomy with ureteric manipulation but no BUO 24 hours
prior to study. Food, but not water was withheld from the time
of the surgery. Six of these sham-operated control rats had
undergone whole body irradiation 24 hours prior to the sham
laparotomy.
Leukocyte content of the renal parenchyma
Eight rats underwent BUO, four having been irradiated 24
hours earlier. After 24 hours of BUO the animals were anes-
thetized with pentobarbital i.p. and the kidneys were exposed
and perfused in situ via an aortic cannula with 50 ml of a
solution of phosphate-buffered saline (PBS) at 37°C containing
100 g/ml of papaverine, followed by 10 ml of "digestion
media" (Hank's Balanced Salt Solution [HBBS] with 1%
HEPES buffer Type-2 collagenase (500 mg/mi), 0.01% DNA-ase
and soybean trypsin inhibitor (1 mg/mI; Sigma Chemical Co, St
Louis, Missouri, USA). The kidneys were removed and the
cortex and medulla separated, and prepared for counting infil-
trating leukocytes as previously described [1]. Briefly the
sample was passed through 500 pm and 250 tm screens,
washed and then weighed. The samples were then placed in
digestion medium at room temperature for 30 minutes. It was
then washed three times in PBS, allowed to settle for 60
seconds and the supernatant was separated, spun down and the
pellet resuspended in 1 ml HBSS. A 50 d sample was taken and
fixed in 2% paraformaldehyde for a cell count. The remainder
was spun and the pellet resuspended in 300 d of mouse
monoclonal anti-rat leukocyte common antigen antibody (50
g/l; from Dr. Masters) and allowed to sit for 20 minutes on
ice. After further washing the sample was incubated with
fluorescein conjugated rabbit antimouse immunoglobulin (100
g/t1) for 20 minutes at 4°C. After further washing the sample
was resuspended in 300 p1 PBS and fixed in 2% paraformalde-
hyde for counting. Interstitial leukocytes were counted using a
Zeiss universal microscope with leukocytes contained within
intact glomeruli being excluded. Leukocyte content was ex-
pressed as cells per gram wet weight of kidney tissue. An
additional three rats which had not undergone ureteric obstruc-
tion had the kidneys prepared in a similar way for leukocyte
content analysis.
Clearance studies
Sixteen rats underwent BUO with eight having been irradi-
ated 24 hours earlier. Twenty-four hours after BUO the animals
were anesthetized with ether for the placement of tail vein and
femoral artery catheters. The abdomen was reopened and one
ureter was cannulated above the tie. The abdomen was closed,
and the animal was placed in a plexiglas restraint and allowed to
recover from anesthesia for three hours prior to study. One
hour prior to study a priming dose of chemical inulin (Fisher
Co, St. Louis, Missouri, USA) designed to give plasma levels of
75 to 125 mg/dl and chemical p-aminohippurate (PAH; Merck,
Sharp and Dohme, West Point, Pennsylvania, USA) designed
to give plasma levels of 0.75 to 1.5 mg/dl were given via the tail
vein. This was followed by a sustained infusion containing
inulin (16 mg/mI) and PAH (0.8 mglml) given at 39 p1/mm in
order to maintain constant plasma levels. Following one hour of
equilibration (3 hr following release of obstruction) two or three
consecutive 20-minute urine collections, with blood samples
obtained at the mid-portion of each period, were made for
calculation of whole kidney inulin and PAH clearances (C1 and
CPAH), absolute and fractional sodium excretion, and fractional
water excretion. A sample of urine was collected on ice and
stored at —70°C for subsequent thromboxane B2 determination
in six animals from each group.
An additional 11 rats were used as non-obstructed controls,
six of which had been irradiated 48 hours earlier in order to
assess the effect of irradiation alone on renal function. These
underwent a sham laparotomy with ureteric manipulation but
no BUO and were subsequently prepared for clearance studies
as described above, except one non-obstructed ureter was
canulated for the collection of urine (urine from the contralat-
eral kidney was voided via the bladder and was not collected).
A sample of urine was saved for thromboxane B2 determina-
tion. (Urine was not analyzed for thromboxane B2 if the sample
was bloody.)
Analytic
Sodium was measured by standard flame photometry (Instru-
mentation Laboratory Inc., Lexington, Massachusetts, USA).
Inulin in plasma and urine was determined using the method of
Fuhr, Kaczmarczyk and Kruttgen [18] and PAH was measured
by a modification of the method of Smith et al [19]. Thrombox-
ane B2 (the stable metabolite of thromboxane A2) was assayed
in duplicate respectively, by radioimmunoassay using antisera
raised in rabbits using methodology modified from Reingold et
al [20]. Cross reactivities with other prostaglandins at 50%
displacement were less than 0.025% for the thromboxane B2
antiserum.
Statistics
Results are expressed as mean standard error of the mean.
Analysis of variance was used to compare data from the control
and BUO, irradiated and non-irradiated animals. Differences
were considered statistically significant for P < 0.05.
Results
Leukocyte content
The leukocyte content of the cortex and medulla of kidneys
from normal animals (controls) and from kidneys of rats with
ureteral obstruction which had either previously been irradiated
or not is shown in Figure 1. As we have previously reported [1]
bilateral ureteric obstruction resulted in a dramatic and highly
significant (P < 0.001) influx of leukocytes into both the cortex
and medulla. This was abolished by irradiation such that
leukocyte content after bilateral obstruction in rats previously
irradiated was similar to that seen in normal kidneys (controls).
Clearance studies
There was no statistical significant difference between the
weights of the non-irradiated and irradiated rats prior to ob-
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struction (252.0 4.2 vs. 240.8 6.5 g). After obstruction the
non-irradiated and irradiated animals lost a comparable amount
of weight (9.8 0.9 vs. 8.5 1.8 gin 24 h), which represented
approximately a 4% weight loss in each group. The weight of
the non-irradiated and irradiated non-obstructed controls was
similar (269.5 8.35 vs. 272.5 10.0, NS), but following sham
laparotomy without ureteral obstruction the weight loss was
approximately 6.5% in each group.
At the time of study there was no difference in the blood urea
nitrogen level of the non-irradiated or irradiated obstructed
animals (129.3 6.3 vs. 124.1 6.3 mg/dl) or in the hematocrit
(41.0 0.9 vs. 39.5 0.8%). However, the hematocrit of the
animals with ureteral obstruction was significantly lower (P <
0.002) than that in either non-irradiated or irradiated control
animals (45.2 0.3% and 44,7 0.7%).
The results for C1 and CPAH following unilateral release of
bilateral ureteral obstruction are shown in Figure 2. Bilateral
ureteral obstruction resulted in a highly significant fall in C1 to
30% of control values (1.58 0.12 vs. 5.34 0.1 mI/mm/kg
body wt, P < 0.001). Irradiation of the animals prior to
induction of bilateral ureteric obstruction resulted in signifi-
cantly higher values for C1, of the postobstructed kidney (2,97
0.15 vs. 1.58 0.12 mI/mm/kg body wt, P <0.001) which has
61% of values from control irradiated animals. Prior irradiation
had a similar effect on CPAH of the obstructed kidney and as a
result filtration fraction was unchanged (0.23 0.02 vs. 0.22
0.01, NS). It is of note that even with irradiation prior to
bilateral ureteric obstruction, the renal function of the postob-
structed kidney remained depressed below values obtained for
one non-obstructed kidney in the control rats (2.97 0.15 vs.
4.81 0.40 mI/mm/kg body wt, P < 0.001 for C1, and 13.99
0.94 vs. 20.88 2.51 ml/min/kg body wt, P < 0.002 for CPAH).
The results for urine flow, fractional water excretion and
absolute and fractional sodium excretion are summarized in
Table 1 for non-irradiated and irradiated control rats and for
non-irradiated and irradiated obstructed rats. After unilateral
release of BUO the animals exhibited a marked postobstructive




Fig. 2. The effect of prior irradiation on inulin (A, C,,) and PAN (B,
CPAH) clearances in rats 24 hrs after a sham laparotomy or 3 hrs after
unilateral release of 24 hrs of BUO. The results from the animals who
had a sham laparotomy are from a single kidney. Irradiation had no
significant (NS) effect on the renal function of rats after a sham
laparotomy, but significantly improved the renal function of the rats



























J Fig. 1. The number of cells expressing the leukocyte
— antigen in the cortex (A) and medulla (B) ofnormal kidneys
Control BUO BUO (control) or kidneys after 24 hrs of bilateral ureteral
+ obstruction (BUO) and BUO with prior irradiation (BUO ÷
irradiation irradiation).
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Table 1. Absolute and fractional excretion of sodium and water in control rats and following unilateral release of 24 hrs of bilateral ureteral
obstruction with and without prior irradiation
Control Unilateral release of BUO
Non-irradiated Irradiated Non-irradiated Irradiated
(N=5) (N=6) (N=8) (N=8)
Urine flow pi/min 18.3 2.2 17.8 2.3 43.5 4.6a 56.8 32a,b
Fractional water 1.4 0.2 1.5 0.1 11.4 0.9 8.5 08a,b
excretion %
Sodium excretion 1.7 0.2 1.0 0.3 4.5 Q7 5.2 0.4
xmol/min
Fractional sodium 0.9 0.1 0.5 0.2 7.8 0.8 5.2 06a,b
excretion %
a P < 0.001 of sham operated control.








Control Control BUO BUO
+ +
irradiation irradiation
Fig. 3. Urinary excretion of thromboxane B2 in sham-operated non-
obstructed rats and in rats 3 hrs after unilateral release of 24 hrs of
BUO with and without prior irradiation. The excretion rates from the
sham operated rats are from a single kidney. Irradiation had no effect on
thromboxane B2 excretion in sham operated rats, but reduced it in rats
with 24 hrs of ureteral obstruction.
nificantly higher absolute and fractional excretions of water and
sodium. Prior irradiation of the animals decreased fractional
water and sodium excretion significantly, although not to con-
trol values. In contrast in normal animals irradiation did not
affect any of the measured parameters of renal function.
Figure 3 shows the thromboxane excretion expressed in
pg/mm for both non-irradiated and irradiated control animals
and non-irradiated and irradiated animals with unilateral release
of BUO. It is clear that after release of bilateral ureteric
obstruction there is a significant rise in thromboxane B2 excre-
tion which is significantly reduced by prior irradiation. Even
with irradiation prior to unilateral release of BUD thromboxane
B2 excretion remained significantly higher than control values
(19.03 1.94 vs. 9.92 1.73, P < 0,05). Irradiation had no
significant effect on the thromboxane B2 excretion in control
rats.
Discussion
Ureteral obstruction of 24 hours duration causes a marked
fall in both glomerular filtration rate and renal plasma flow [1,
11], which remain depressed for several hours following the
release of the obstruction. This is due in part to vasoconstric-
tion of the renal arterioles [13, 21], which in the case of bilateral
ureteral obstruction may become more marked following the
release of the obstruction [211. There is in addition a decrease in
the ultrafiltration coefficient (Kf) across the glomerulus follow-
ing obstruction [131, which would also decrease GFR.
The vasoactive compounds thromboxane A2 and angiotensin
II have been implicated in the pathogenesis of this state through
the use of specific inhibitors of each of these systems [12, 13].
Thromboxane synthetase activity is increased in obstructed
kidneys and bradykinin and angiotensin H-stimulated throm-
boxane production by the hydronephrotic rabbit kidney can
cause a pronounced renal vasoconstriction which is reversed by
thromboxane synthetase inhibition [22].
We have previously demonstrated that leukocytes, predom-
inantly marcrophages, infiltrate the kidney in large numbers
within 12 hours of bilateral ureteral obstruction in the rat. The
infiltration is associated with enhanced thromboxane B2 excre-
tion in the urine and a decline in GFR [1]. In the chronic
hydronephrotic kidney of the rabbit the leukocyte infiltration
has been shown to enhance the bradykinin-stimulated arachi-
donate metabolism, including the production of thromboxane
A2 [4, 8]. This study confirms that the renal production of
thromboxane A2 is increased following obstruction. Elimination
of the infiltrate by prior irradiation of the animals reduces
thromboxane B2 excretion and at the same time there is a
significant improvement in renal hemodynamics of the postob-
structed kidney. This is the first demonstration that infiltrating
leukocytes contribute to hemodynamic changes in the postob-
structive kidney. We propose that the leukocyte infiltrate is in
part responsible for the decline in GFR and RPF seen after
obstruction possibly via the production of vasoactive pros-
tanoids such as thromboxane A2 (although we cannot com-
pletely exclude the possibility that platelets contribute to the
enhanced thromboxane A2 production). Indeed, it is of note
that RPF which increases for the first few hours after obstruc-
tion only starts to decline at about four hours after obstruction
[23] at a time when the leukocyte infiltrate is becoming evident
[1].
The elimination of the leukocyte infiltrate from the obstructed
kidney does not return the function of the postobstructed
kidney to normal. This is consistent with there being additional
leukocyte-independent mechanisms operating in this model,
NS P<0.01
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such as the renin-angiotensin system [12, 13, 24, 25]. Also it is
of note that the elimination of the infiltrating macrophages by
prior irradiation did not reduce the thromboxane B2 excretion
to baseline values. This is consistent with obstruction causing
enhanced production of this vasoactive prostanoid by struc-
tures intrinsic to the kidney, such as the glomerular epithelium
or mesangium; such a leukocyte independent source of throm-
boxane A2 may also be capable of modulating renal hemody-
namics.
Irradiation of the animals prior to obstruction also appears to
influence the extent of the postobstructive diuresis and natri-
uresis, although the changes are small and the irradiated post-
obstructed kidney still exhibits a significant diuresis and natri-
uresis compared to a non-obstructed kidney. Because of the
greater GFR in the irradiated animals the filtered load of sodium
was significantly higher in this group. Despite this, absolute
sodium excretion remained unchanged, resulting in a lower
fractional excretion of sodium. Similarly, there was decreased
fractional water excretion in the irradiated animals.
The mechanism of the diuresis and natriuresis in this model is
complex, and changes in sodium reabsorption by proximal and
distal tubule have been reported [14, 26—28]. In addition there is
an increase in the fraction of filtered water delivered to the early
distal tubule [14, 27], suggesting that there is a decreased ability
of the thick ascending limb of Henle's limb to resorb salt. While
it is possible that macrophage derived products could modulate
transport processes in the renal epithelium [29], following
release of bilateral ureteral obstruction, an osmotic diuresis
secondary to urea accumulation contributes to the salt and
water loss [30], and there may be elevated levels of circulating
natriuretic factors [31]. Such extrarenal factors contributing to
the diuresis would not be modified by prior elimination of the
cellular infiltrate by irradiation and may explain why the effect
was relatively minor.
In summary, there is a significant infiltration of leukocytes
into the kidney following obstruction; furthermore, by abolish-
ing this infiltrate the renal function of the postobstructed kidney
is significantly improved. This indicates that leukocytes may
play a key role in modulating renal hemodynamics after release
of obstruction, whose pathophysiology must now be considered
to include an immunological component.
Further work is required to define the exact mechanisms
whereby macrophages are able to influence renal function and
to define how the kidney is able to recruit these cells in such
large numbers following obstruction.
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